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Ni–P and Ni–P–Cr alloy coatings were deposited onto silicon substrates by the RF magnetron sputtering technique with dual targets of
electroless nickel–phosphorus alloy and chromium. To evaluate the effect of doping with a third element on the enhancement of thermal
stability in Ni–P coatings, differential scanning calorimetry (DSC) was used to identify the onset temperature of phase transformation. The
crystallization behavior at different stages of phase transition in the DSC plot was further evidenced by X-ray diffraction (XRD).
Microstructural evolution of the Ni–P based coating in the as-deposited and heat-treated states were investigated by transmission electron
microscopy (TEM). The broad peak in the DSC plot of both Ni–P and Ni–P–Cr deposits is attributed to the grain coarsening of nickel on the
basis of XRD and TEM analyses. The addition of Cr atoms into Ni–P based coating not only suppresses the formation of Ni3P but also
reduces the grain size of precipitates.
D 2004 Elsevier B.V. All rights reserved.
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Ni–P alloy coating, which is a supersaturated solid
solution, can be strengthened by suitable heat treatment.
Electroless Ni–P coatings possess superior uniformity,
hardness, wear resistance and corrosion resistance, and are
widely applied as surface modifications to prolong the life
span of the workpieces [1–4]. However, the hardness of Ni–
P coatings is degraded after excessive annealing, owing to
the grain coarsening of Ni and Ni3P. To enhance the
application fields of Ni–P based coatings, ternary Ni–P
based coatings, such as Ni–P–Cu [5,6], Ni–P–Zn [7], Ni–P–
W [8,9], Ni–P–Cr [10,11] and Ni–P–Mo [12] have been
proposed to improve the thermal stability of binary Ni–P
coatings. It has been reported that the addition of a third
element into the Ni–P based coating could enhance the
crystallization temperature of Ni3P and then maintain a high
mechanical strength at elevated temperature. However, the0257-8972/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
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difficult to control in electroless Ni–P based coatings [8].
Instead, physical vapor deposition (PVD) applied with dual
gun system was used [13,14]. The sputtered Ni–P–W and
Ni–P–Cr coating showed a higher hardness compared with
Ni–P coating [15–18]. The Cr constituent, which possesses
lower cost and higher sputter yield than W, could be a better
candidate to apply in the Ni–P based coating. In the
literature, the study on the phase transformation and
microstructure evolution of sputtered Ni–P and Ni–P–Cr
coatings was, however, not fully understood. As a result, the
proposal of this paper was to investigate the phase trans-
formations of the sputtered Ni–P and Ni–P–Cr coatings. The
evaluation of the thermal stability and microstructure
evolution of the Ni–P based coating with the addition of
Cr was analyzed.2. Experimental
The binary Ni–P and ternary Ni–P–Cr coatings were
fabricated on the silicon substrate by RF magnetron188–189 (2004) 489–494
Fig. 1. DSC plot of sputtered (a) Ni–P and (b) Ni–P–Cr coatings.
Table 1
Onset temperature, peak temperature and heat release of three exothermic
peaks in sputtered Ni–P and Ni–P–Cr coatings
NiP NiPCr
a b c d e f
Onset point (8C) 255 300 377 263 372 437
Peak point (8C) 267 310 386 279 382 450
Enthalpy (DH, J/g) 1.7 2.5 42.3 3.9 1.7 50.1
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atmosphere of Ar. The Ni–P target was prepared by
depositing an electroless Ni–P layer with a thickness of
300 Am onto a Cu disk, and the chromium source was
99.95 wt.% in purity. The working distance for both
sputtering sources was 60 mm. After loading substrates
and targets, the vacuum chamber was degassed down to
8.0104 Pa and then followed by the influx of argon as
a plasma source to a working pressure of 5.0101 Pa.
Besides, the substrate temperature was operated at 200 8C.
The composition of Ni–P based coatings was analyzed
using EPMA (JXA-8800M, JEOL, Japan). To identify the
crystallization behavior of the sputtered Ni–P based
coatings, both Ni–P and Ni–P–Cr coatings were operated
by the isochronal and isothermal heating with the heating
rate of 10 8C/min. Phase identification was carried out by
the differential scanning calorimetry (DSC), X-ray dif-
fraction (XRD) and electron transmission microscope
(TEM). The heat loss and reaction of the crystallization
evolution of the sputtered Ni–P based coating were
detected with a differential scanning calorimeter (DSC-7,
Perkin, France). The heating temperature ranged from
room temperature to 600 8C. The heating rate, 10 8C/min,was used at the Ar atmosphere to prevent the coating from
oxidation. The test sample stripped off from the silicon
substrate with HF was put into the aluminum crucible and
the weight was 5 mg. Another empty crucible was used as
a reference. After the continuous heating to 600 8C, the
cooling rate in the furnace was 30 8C/min. The heat
release (DH) was obtained by the integration of the peak
area. The h–2h scan X-ray diffractometer (Rigaku
Dmmax-B, Tokyo, Japan) was used to examine the phase
and microstructure of the as-deposited and heated films.
The X-ray was generated from a Cu target operated at 30
kV and 20 mA. The 2h range was from 358 to 558 with a
step width of 0.028 at a fixed time of 1 s/8. The
microstructure at various states was observed by trans-
mission electron microscopy (JSM-2010, JEOL). The
surface microhardness of the coatings was measured with
a nanoindentation tester (MTS Nano Innovation Center,
Oak Ridge, TN) equipped with a Berkovich diamond
indenter tip. The instrument used CSM mode with a
constant strain rate of 0.05/s. The penetration depth was
fixed at 2000 nm.3. Results and discussion
3.1. Phase identification and microstructure
The composition of the Ni–P and Ni–P–Cr coatings is Ni
(86.51 at.%)–P (13.49 at.%) and Ni (75.57 at.%)–P (11.87
at.%)–Cr (12.56 at.%), respectively. The thickness for both
coatings was around 2 Am.
Fig. 1 illustrates the differential scanning calorimetry
plot of both sputtered Ni–P and Ni–P–Cr alloy coatings.
The profile was isochronal heated from room temperature
to 600 8C with a heating rate of 10 8C/min. Three
exothermic peaks were observed from the result of DSC
with sensitivity of 0.2 AW. The onset temperature, peak
temperature and heat release (DH) are listed in Table 1. In
order to identify the microstructure evolution of the
exothermic peaks in the DSC plot, the Ni–P and Ni–P–
Cr coatings deposited on the Si(111) single crystal
substrate were put into the DSC furnace and were
isochronal heated to the temperature corresponding to the
completion point of three exothermic peaks (350 and 400
8C for Ni–P coating; 350, 400 and 500 8C for Ni–P–Cr
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quenched with liquid nitrogen in order to prevent the
coating from oxidation.
The phase transition of both coatings at the as-deposited
state and different completion temperature was analyzed by
X-ray diffraction and transmission electron microscope. In
Figs. 2a and 3a, the as-deposited Ni–P and Ni–P–Cr
coatings analyzed by XRD revealed a broadened peak
around 458 and the Si (111) located at 28.48. Moreover, the
bright field image and electron diffraction pattern of the as-
deposited Ni–P and Ni–P–Cr coatings in Fig. 4a and d
indicates that no crystalline phase is present. A broadened
diffraction ring represents Ni(111). Therefore, the as-
deposited Ni–P and Ni–P–Cr coating exhibited an amor-
phous structure [18].
The DSC data in Fig. 1 indicates that the temperature of
the first peak of Ni–P and Ni–P–Cr coatings was located
around 267 and 279 8C. As seen in Fig. 3b, which is
isochronal heated to the completion temperature of 350 8C
for the Ni–P–Cr coating, no phase changes are observed and
the diffraction pattern of the coating still maintains one peakFig. 2. XRD diffraction patterns of the sputtered Ni–P coating isochronally he
400 8C.with the same intensity as the as-deposited state in Fig. 3a.
However, the diffraction peak at 350 8C became sharper
than that in the as-deposited state. Hentschel et al. [19]
proposed that this may be attributed to the structural
relaxation of point defect and the short-range order move-
ment of atoms.
On heating to the completion temperature at 350 8C for
the Ni–P coating in Fig. 2b, the intensity of Ni(111) is
increased compared to the as-deposited state. Furthermore,
the Ni grain with several nanometers is precipitated in the
amorphous matrix and the broadened ring pattern is
transformed into two distinct ring patterns corresponding
to Ni(111) and Ni(200), respectively, from the result of
TEM in Fig. 4b. Similarly, with the incorporation of Cr
into Ni–P–Cr coating, the temperature of the second peak
was shifted from 310 to 382 8C. As the temperature was
raised at 400 8C, the precipitation of Ni is also observed
from the results of XRD and TEM in Figs. 3c and 4e,
respectively.
The XRD diffraction of the Ni–P coating taken at the
completion temperature of 400 8C in Fig. 2c shows that theated to the completion temperature (a) as-deposited; (b) 350 8C; and (c)
Fig. 3. XRD diffraction patterns of the sputtered Ni–P–Cr coating isochronally heated to the completion temperature (a) as-deposited; (b) 350 8C; (c) 400 8C;
(d) 500 8C.
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Ni(111) peak at 400 8C become much sharper than that at
350 8C, indicating the grain growth of nickel. In Fig. 4c, the
bright field provides evidence that the grains at 400 8C grew
up more than those at 350 8C. On the other hand, the XRD
diffraction of the Ni–P–Cr in Fig. 3d at the completion
temperature of 500 8C also exhibits the precipitation of
Ni3P(231), (330) and (240). The orientation difference of
Ni3P between Ni–P and Ni–P–Cr coatings after the temper-
ature of the third exothermic peak may be due to the
addition of chromium into the Ni–P based coating. As a
result, the third peak in the DSC plot was contributed to the
precipitation of Ni3P. Additionally, from the analysis of
TEM in Fig. 4, the grain size of the Ni–P coating at the
completion temperature of 400 8C is much larger than that
of Ni–P–Cr coating at the completion temperature of 500
8C. Hence, the incorporation of Cr in the Ni–P based
coating not only enhanced the precipitation temperature of
Ni and Ni3P but also suppress the grain growth even at the
elevated temperature.3.2. Mechanical properties
Fig. 5 illustrates the hardness as a function of penetration
depth with continuous stiffness measurement mode. When
the penetration was smaller than 200 nm, the variation of
hardness was substantial, which was due to the surface
morphology and indentation size effect [20]. The hardness
of the Ni–P based coating appears constant and is
independent on the penetration depth between 200 and
400 nm in the as-deposited and heat-treated states. The
range of the horizontal line related to the constant line is in
agreement with that proposed by Saha and Nix [20]. As a
result, the hardness in the range of horizontal line represents
the intrinsic properties of the Ni–P based coating with the
thickness around 2 Am. As the penetration depth was
beyond 400 nm, the hardness decreased with increasing
penetration depth and reached the low value close to the
substrate hardness. The decrease in hardness was owed to
the substrate effect that the plastic deformation zone
contained both film and substrate.
Fig. 4. TEM micrographs and electron diffraction patterns of (a) Ni–P as-deposited; (b) Ni–P 350 8C; (c) Ni–P 400 8C; (d) Ni–P–Cr as-deposited; (e) Ni–P–Cr
400 8C; and (f) Ni–P–Cr 500 8C.
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was 9.6 GPa. As heating at 400 8C for 4 h, the hardness
increased to 13.5 GPa due to the precipitation hardening of
Ni and Ni3P. After the temperature was further raised to 450
8C (far above the crystallization temperature of the third
peak) for 4 h, the hardness of the Ni–P coating was
degraded to 11.3 GPa. The reason for the degradation in
hardness may be attributed to the grain coarsening of Ni and
Ni3P [21]. In Fig. 5b, the hardness of the as-deposited Ni–
P–Cr coating with the incorporation of Cr is improved from
9.6 to 11.2 GPa. On heating to 400 8C for 4 h, the hardness
was upgraded to 13.6 GPa. Furthermore, the hardness with
the treatment of 450 8C for 4 h was progressively enhanced
to the maximum value of 14.4 GPa. It is apparent that the
thermal stability and hardness could be improved by the
doping of Cr atoms.
Table 2 lists the hardness of the Ni–P and Ni–P–Cr
coating at various conditions measured by microhardness
with Knoop indenter, loading–unloading mode with Berko-
vich indenter and continuous stiffness measurement mode.
The bulk hardness of 420ss substrate measured by three
methods was nearly identical, indicating the compatibility
and reliability of these three measurement methods. How-
ever, the measured hardness of Ni–P and Ni–P–Cr coatings
was quite different. The hardness of both coatings measured
by loading–unloading mode with Berkovich indenter was
far smaller than those analyzed by CSM and microhardness
with Knoop indenter. The penetration depth using loading–
unloading mode and microhardness test with the identicalloads was around 800 and 400 nm, respectively, while the
intrinsic hardness investigated by the CSM mode was
located between 200 and 400 nm penetration. The pene-
tration depth using load–unloading mode was 800 nm,
which was much larger than that in the CSM mode, and the
hardness was significantly affected by the lower hardness
associated with the substrate. As a result, the CSM mode
should be a better choice to obtain the intrinsic hardness and
optimum parameters such as penetration depth and load,
when measuring the hardness of coatings with different
thickness.4. Conclusions
From the analyses of DSC, XRD and TEM, the phase
transition of the sputtered Ni–P and Ni–P–Cr alloy
coatings revealed three stages: the first exothermic peak
resulted from the structural relaxation of defects and the
short-range order movement of atoms. No phase changes
occurred in this step. The second exothermic peak was due
to the crystallization of nickel in the amorphous matrix,
and finally the strongest peak in the third process was
owed to the precipitation of Ni3P. As compared to both
Ni–P and Ni–P–Cr coatings, the addition of Cr into the
Ni–P based coating not only prolonged the crystallization
temperature of Ni and Ni3P but also retarded the grain
growth even at the elevated temperature. Furthermore, the
orientation of precipitated Ni3P was limited to Ni3P(231),
Fig. 5. Hardness of sputtered Ni–P and Ni–P–Cr coatings plotted as a
function of penetration depth at various heat-treated temperatures.
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The degradation in hardness in the Ni–P based coating was
greatly suppressed by incorporating Cr. The hardness of
the Ni–P–Cr coating could maintain as high as 14.4 GPa at
450 8C for 4 h, which was much superior to the Ni–P
coating with 11.3 GPa. In addition, the intrinsic hardness
and the optimum parameter for the measurement ofTable 2
Hardness of sputtered Ni–P and Ni–P–Cr coatings under various heat treatment
mode
Ni–P–Cr
CSM Berkovich (10 g) Knoop (10 g)
Ha (GPa) H (GPa) Db (nm) H (GPa) D
Substrate 7.0 6.9 – 7.5 –
As-deposited 11.2 8.3 780 10.8 3
Heat treated, 400 8C 13.4 9.8 730 12.2 3
Heat-treated, 450 8C 14.4 10.2 720 13.8 3
a Following 1/10 rule, hardness evaluated at the depth of 200 nm from surfa
b Maximum depth.
c Contact depth=(diagonal length)/30.hardness, such as penetration depth and load, could be
easily obtained with continuous stiffness measurement
mode.Acknowledgment
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